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Objectives We studied the left ventricular (LV) dynamic effects of primary percutaneous coronary intervention (PCI) for ST-
segment elevation myocardial infarction (STEMI) by directly obtaining pressure–volume (PV) loops during the
procedure.
Background An acute myocardial infarction causes a decrease in LV compliance. The instantaneous effects of primary PCI on
LV compliance are unknown.
Methods We studied 15 consecutive patients (10 males, ages 59  12 years), who presented with their first acute ante-
rior STEMI within 6 h after onset of symptoms, and in whom coronary angiography revealed an occluded left an-
terior descending coronary artery. Before performing primary PCI, we inserted a pressure-conductance catheter
in the LV to continuously obtain PV loops.
Results Immediately after successful reperfusion, significant improvements were observed in LV diastolic function, as
indicated by an increased end-diastolic compliance with a 6.0  2.8 mm Hg (p  0.0001) downward shift of the
compliance curve. There was a decrease in end-diastolic pressure of 24  18% (p  0.0002), in stiffness of
27  18% (p  0.0003), and in wall stress of 20  24% (p  0.004). Systolic function mainly showed an im-
mediate improvement in apical contractility from 40  17% to 54  15% (p  0.01).
Conclusions Primary PCI in anterior STEMI patients causes an immediate improvement in diastolic function, assessed by
online PV loop measurements. (J Am Coll Cardiol 2009;53:1498–502) © 2009 by the American College
of Cardiology Foundation
ublished by Elsevier Inc. doi:10.1016/j.jacc.2008.12.058u
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an acute myocardial infarction, left ventricular (LV) com-
liance decreases and correlates directly with prognosis (1).
ecent studies also have shown elevated filling pressures in
T-segment elevation myocardial infarction (STEMI) pa-
ients directly after primary percutaneous coronary interven-
ion (PCI) (2,3).
The goal of reperfusion therapy is to restore coronary
irculation to reduce infarct size and improve clinical out-
ome. Primary PCI is recognized as the best reperfusion
odality. Whether primary PCI causes direct changes in
V dynamics is unknown because direct LV dynamic data
uring primary PCI procedures are unavailable.
Therefore, we studied LV dynamic responses to reperfu-
ion throughout primary PCI for acute STEMI by contin-
rom the Department of Cardiology, Academic Medical Center, University of
msterdam, Amsterdam, the Netherlands.c
Manuscript received October 15, 2008; revised manuscript received December 9,
008, accepted December 15, 2008.ously measuring LV pressure–volume (PV) loops using the
ombined pressure-conductance catheter (4).
ethods
atients. The study population consisted of 15 consecutive
atients (10 males, mean age 59  12 years) who presented
ith their first acute anterior STEMI within 6 h after
nset of symptoms. Patients were included when coro-
ary angiography revealed an occluded left anterior de-
cending artery before primary PCI (Table 1).
Exclusion criteria were cardiogenic shock, refractory ven-
ricular arrhythmias, congestive heart failure, previous myo-
ardial infarction, significant valvular disease, and left ven-
ricular thrombus. The study complied with the Declaration
f Helsinki and was approved by the institutional research
nd ethics committee. All patients gave written informed
onsent.
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April 28, 2009:1498–502 LV Dynamics During Primary Angioplastytudy protocol. Patients were treated with aspirin, clopi-
ogrel, and heparin before PCI. Heart rate and surface
2-lead electrocardiograms were monitored and aortic pres-
ure was measured via the guiding catheter. Blood samples
or hematology and chemistry including cardiac markers
ere drawn. Before performing primary PCI, the 7-F
igtail-equipped combined pressure-conductance catheter
CD Leycom, Zoetermeer, the Netherlands) was placed in
he LV through the contralateral femoral artery (4). Be-
ween the outer electrodes of the conductance catheter a
ual electric field is generated, and the inner 8 electrodes are
sed to generate segmental volume signals. The pressure
nd volume signals were continuously displayed on the
onitor (CFL 512, CD Leycom) after analog-to-digital
onversion at 250 Hz. The LV pressure and volume were
ontinuously assessed. After completion of the PCI proce-
ure, a 5-ml blood sample was used to measure blood
esistivity rho, and a Swan-Ganz catheter (Edwards Life-
ciences LLC, Irvine, California) was placed in the pulmonary
rtery via the femoral vein. Cardiac output was determined by
hermodilution and parallel conductance by hypertonic saline
njections to calibrate the volume signals of the conductance
atheter (4). The PV loop assessment continued for approxi-
ately 30 min after the most optimal angiographic PCI results
ere achieved.
V dynamic measurements and analysis. The LV dy-
amics were recorded continuously during the PCI and
ere analyzed off-line. The initial pre-PCI (baseline) re-
ordings were compared with the recordings at 25 min after
chievement of an angiographically satisfactory PCI result.
er-beat averages of the recorded variables were calculated
aseline Characteristics (n  15)
Table 1 Baseline Characteristics (n  15)
Age, yrs 59 12
Male 10 (67)
Length, cm 175 8
Body mass index, kg/m2 27 4
Coronary risk factors
Diabetes 2 (13)
Hypertension 5 (33)
Hypercholesterolemia 3 (20)
Family history of CAD 5 (33)
Current smoking 9 (60)
Previous acute myocardial infarction 0 (0)
Angiographic features
LAD, culprit lesion 15 (100)
2-vessel disease 4 (27)
3-vessel disease 4 (27)
TIMI flow grade 0–1 15 (100)
Cardiac markers, peak
CK-MB, g/l 224 140
Troponin T, g/l 9.3 8.0
NT-proBNP, ng/l 2,624 3,864
alues are n (%) or mean  SD.
CAD  coronary artery disease; CK  creatine kinase; LAD  left anterior descending;1
T-proBNP  N-terminal part of the pro-B-type natriuretic peptide; TIMI  Thrombolysis In
yocardial Infarction.s the mean of all beats during a
teady state of at least 12 s and
overing 2 respiratory cycles. It
as accounted for that selected
ecordings were obtained during
table hemodynamic conditions,
ithout interference of pharma-
euticals (e.g., nitroglycerin). The
ollowing indexes were obtained:
eart rate, cardiac output (CO),
ardiac index as CO/body surface
rea, ejection fraction (EF), stroke
olume (SV), stroke work (SW) as
he area of the pressure-volume
oop, end-systolic volume (ESV),
nd-diastolic volume (EDV), end-
ystolic pressure (ESP), end-
iastolic pressure (EDP), and
eak positive derivative of left
entricular pressure (dP/dtmax).
he relaxation time constant
au, as an index for the active
iastolic LV properties during
sovolumetric relaxation, was de-
ned as the time required for the
avity pressure at dP/dtmin to be reduced by one-half (5).
he end-systolic elastance (EES), as the slope of the
nd-systolic pressure-volume relation was estimated by ESP/
SV, and the end-diastolic stiffness (EED), as the slope on the
nd-diastolic pressure-volume relation was estimated by EDP/
DV (6). Effective arterial elastance (EA), an index of LV
fterload, was calculated by ESP/SV (7). Subsequently, the
entricular–arterial coupling ratio was calculated by EES/EA,
hich describes the interaction between LV performance and
he systemic arterial system (8). Regional cycle efficiency was
alculated for the most basal and apical volume segment by
W/(PLV·VLV), as previously described (9). End-diastolic
all stress (WSED) and peak wall stress were calculated from
he instantaneous LV pressure and volume signals, and from
V mass as derived from post-procedural echocardiography,
y P·(1  3·V/LV mass) (10). The change in the passive
iastolic LV properties indicated by the shift of the compliance
urve was expressed by the mean pressure value over which the
verlapping portion of the PV loop had moved (Pm), as
reviously described (11).
tatistical analysis. Data are expressed as mean SD or n
%). The 2-tailed paired t test was used to compare LV
ynamic data obtained before and after the PCI. SPSS
elease 12.0.2 statistical software package for Windows
SPSS Inc., Chicago, Illinois) was used for analyses. A value
f p  0.05 was considered statistically significant.
esults
atient characteristics. The baseline characteristics of the
Abbreviations
and Acronyms
CO  cardiac output
EDP  end-diastolic
pressure
EDV  end-diastolic volume
EES  end-systolic
elastance
EF  ejection fraction
ESP  end-systolic
pressure
ESV  end-systolic volume
LV  left ventricular
PCI  percutaneous
coronary intervention
PV  pressure–volume
STEMI  ST-segment
elevation myocardial
infarction
SV  stroke volume
SW  stroke work
TIMI  Thrombolysis In
Myocardial Infarction5 patients are shown in Table 1. Coronary angiography
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LV Dynamics During Primary Angioplasty April 28, 2009:1498–502howed a right dominant system in 11 (73%) patients. In 4
atients the location of the occlusion was in the proximal
nd in 11 patients in the mid-coronary segment. The time
rom symptom onset to reperfusion was 4.36 2.94 h, from
oor to balloon was 41.56  21.13 min, and from arterial
ccess to reperfusion was 22.53  4.91 min.
V dynamics at baseline. The left panel of Table 2 shows
iastolic, systolic, and global LV dysfunction at baseline. All
iastolic indexes were increased. Systolic and global LV
ndexes showed relatively small values of EF, SW, EES, and
ES/EA, in combination with an increased EA and above
ormal dP/dtmax.
ffect of primary PCI on LV dynamics. The PCI resulted
n angiographic Thrombolysis In Myocardial Infarction
TIMI) flow grade 2 (n  3) and TIMI flow grade 3 (n 
2). The right panels of Table 2 illustrate LV dynamics after
eperfusion was achieved.
IASTOLIC FUNCTION. The main effects of reperfusion were
bserved on diastolic function. The response on diastolic
unction was uniform. There was an immediate improve-
ent in EDP, EED, and WSED, whereas Tau remained
nchanged. Compliance increased, as quantified by a Pm of
6.0  2.8 mm Hg (p  0.0001), indicating a downward
hift of the compliance curve (Fig. 1).
YSTOLIC FUNCTION. The effects of reperfusion on systolic
unction were variable. The PCI decreased the EES because
cute Changes in LV Dynamics by Coronaryeperfusion in Primar PCI in 15 Patients
Table 2 Acute Changes in LV Dynamics by CoronaryReperfusion in Primary PCI in 15 Patients
Baseline
TIMI Flow Grade 0–1
After Reperfusion
TIMI Flow Grade 2–3 p Value
Diastolic function
EDV, ml 146 32 158 35 0.08
EDP, mm Hg 27 9 20 9 0.0002
EED, mm Hg/ml 0.172 0.056 0.125 0.053 0.0003
Tau, ms 42 8 42 10 0.7
WSED, mm Hg 105 46 84 48 0.004
Systolic function
ESV, ml 85 30 97 34 0.1
EF, % 42 13 40 11 0.5
ESP, mm Hg 130 27 115 26 0.003
EES, mm Hg/ml 1.86 0.69 1.37 0.41 0.003
dP/dtmax, mm Hg/s 1.676 511 1,420 317 0.02
PWS, mm Hg 310 87 304 100 0.7
Global function
HR, beats/min 84 16 80 14 0.3
SV, ml 62 24 61 17 1.0
CO, l/min 5.1 2.2 4.8 1.3 0.7
SW, mm Hg·l 7.11 3.50 6.31 1.98 0.3
EA, mm Hg/ml 2.40 1.18 2.04 0.79 0.1
EES/EA 0.89 0.42 0.75 0.34 0.3
alues are mean  SD.
CO  cardiac output; dP/dtmax  peak positive derivative of left ventricular pressure; EA 
ffective arterial elastance; EDP  end-diastolic pressure; EDV  end-diastolic volume; EED 
nd-diastolic stiffness; EES  end-systolic elastance; EES/EA  ventricular-arterial coupling
atio; EF  ejection fraction; ESP  end-systolic pressure; ESV  end-systolic volume; HR 
eart rate; PWS  peak wall stress; SV  stroke volume; SW  stroke work; Tau  relaxation
ime constant; WSED  end-diastolic wall stress.he rightward shift of the PV loop occurred with a concom-
tant decrease in ESP, whereas regional cycle efficiency of
he apical segment improved from 40  17% to 54  15%
p  0.01). The basal segment showed no change (Fig. 2).
he data in Table 2 showed small changes in dP/dtmax and
o net effect of PCI on LV volumes and EF.
Figure 1 Illustration of a Pressure–Volume
Loop in a Typical STEMI Patient
(A) Before primary percutaneous coronary intervention (PCI). (B) The
downward-shifted pressure–volume loop after PCI. Note the improved and
downward-shifted (arrows) left ventricular (LV) compliance curve caused by cor-
onary reperfusion. Also, note the increased stroke volume in this patient.
STEMI  ST-segment elevation myocardial infarction.
Figure 2
Illustration of the Reperfusion-
Induced Change in Regional Cycle
Efficiency of the Apical and Basal LV Segment
For visual purposes, data are shown as mean  SEM. Note that cycle effi-
ciency of the apical segment increased (*p  0.01), whereas the cycle effi-
ciency of the basal segment showed no change. Abbreviations as in Figure 1.
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his study is the first to show direct effects of primary PCI
n LV dynamics by online and load-independent data from
V loops. Coronary reperfusion caused an immediate im-
rovement in diastolic function by increasing LV compli-
nce and in systolic function by increasing apical contrac-
ility in STEMI patients.
iastolic function. All of our studied STEMI patients
resented with diastolic dysfunction. The main effect of reper-
usion on LV dynamics was an immediate improvement in the
assive diastolic properties of the myocardium, whereas active
V relaxation remained unchanged. Previous findings are
ainly based on data from experimental studies (12,13), and
n data obtained after thrombolytic therapy (14). Primary PCI
s recognized as the best (and most direct) reperfusion treat-
ent modality. Data from clinical studies in the setting of
rimary PCI were usually obtained hours or days after com-
letion of the procedure by echocardiography (15), and did not
how immediate effects of reperfusion on LV function. Previ-
us experimental (16) and later clinical (1) studies had shown
hat acute myocardial infarction caused a decrease in LV
ompliance indicated by an upward shift of the compliance
urve, and a return of LV chamber stiffness toward normal
ithin 1 week (13,14,17). We showed that these changes occur
mmediately after reperfusion, well within 1 h, although they
o not return to normal values. Also, in line with our data,
ecent studies showed invasively measured elevated filling
ressures in STEMI patients directly after primary PCI (2,3),
ut the immediate effects of primary PCI on LV dynamics
ave not been studied.
Immediate improvement of the intrinsic passive diastolic
V properties by primary PCI was observed in all 15
atients. This marked and beneficial effect of primary PCI
s illustrated by the fact that immediate improvement of
iastolic function occurred, whereas echocardiographic data
ailed to show immediate beneficial effects on diastolic
unction during reperfusion by thrombolytic therapy (14).
nterestingly, the improvement in diastolic function ob-
erved in these STEMI patients is in line with invasive
linical studies evaluating LV function during a demand
schemic state during pacing (18) and ischemia induced by
alloon coronary occlusion during elective PCI (19,20).
ata from elective PCI for stable angina showed an upward
nd rightward shift of the PV loop during temporary
schemia and an immediate return to baseline after reper-
usion (19,21), suggesting that primary PCI may result in an
mproved LV compliance, as is now confirmed. Obviously,
he extent of the effects depends on the reversibility of the
yocardial damage, as is confirmed by our data showing
hat the LV compliance does not return to normal values.
Active diastolic relaxation in our studied myocardial
nfarction patients was prolonged, but remained unchanged
y reperfusion. Previous clinical studies of LV relaxation
uring myocardial ischemia, induced by temporary coronary
cclusion in the setting of elective PCI, found prolongation pf ventricular relaxation and return to normal after balloon
eflation (19,21). Interestingly, the extent of the prolonga-
ion in our study population was the same as that during the
emporary coronary occlusion in elective PCI (19). It seems,
owever, that unlike the passive function, the active relax-
tion of the infarcted ventricle shows no immediate recov-
ry. Delayed (partial) recovery may be expected from exper-
mental studies (13), but remains to be studied in primary
CI patients.
ystolic function. Most of our studied STEMI patients
resented with systolic dysfunction. The response to reperfu-
ion was variable. Immediately after reperfusion by primary
CI, apical cycle efficiency improved significantly, whereas
lobal systolic function showed no or only small changes.
rowing evidence supports that improvement in apical func-
ion allows for increased storage of potential energy during
ystole (22,23). This stored potential energy is then converted
o kinetic energy during isovolumetric relaxation. This kinetic
nergy allows for rapid reconfiguration of the LV back to its
re-ejection state, which creates a rapid decline in LV pressure
24). Although we could not document an improvement in the
ctive relaxation time constant Tau during the acute phase, an
mproved systolic apical function may account for the im-
roved diastolic function in the longer term.
Direct systolic effects of reperfusion by primary PCI have
ever been studied, whereas the prognostic implications of
ystolic function days or months after the onset of acute
yocardial infarction (25,26) and well after primary PCI
2,27) have been studied extensively. Effects of reperfusion
n systolic function have mostly been studied in thrombo-
ytic therapy studies (28,29), which showed small improve-
ents in wall motion abnormalities after 1 week (28), but
bviously gave no information on acute effects of reperfu-
ion. Our data do show that reperfusion by primary PCI
ndeed causes not only diastolic effects, but also systolic
ffects, and this may be of prognostic value in the long term.
tudy limitations. Myocardial loading and unloading inter-
entions to determine the end-systolic and -diastolic pressure-
olume relation were not performed because we considered
hese unethical (i.e., delay of reperfusion and possible hemo-
ynamic consequences) for the patients under these circum-
tances. The EED estimated from steady-state PV loops by
DP/EDV underestimates the real slope of the end-diastolic
ressure-volume relation at higher filling pressures because of
ts nonlinearity. Otherwise, our results would probably have
hown even more pronounced changes in EED by PCI.
urthermore, because we collected acute data of reperfusion,
e have no information on outcome, and additionally, out-
ome data would require a larger sample size.
linical implications. Previously, LV function parameters
or prognosis after acute myocardial infarction have been
ainly systolic parameters (25). However, in the last decade
here has been increasing attention on the prognostic
mportance of diastolic dysfunction because patients with
reserved systolic function after acute myocardial infarction,
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LV Dynamics During Primary Angioplasty April 28, 2009:1498–502ut with pulmonary congestion caused by impaired diastolic
unction, have a poor prognosis (30).
The present study is the first clinical study to show the
mmediate effects of primary PCI on diastolic function:
mproved compliance and apical contractility via the assess-
ent of online arithmetical and load-independent data from
V loops. The illustrated improved diastolic function dur-
ng the acute phase may be of relevance to the LV
emodeling process, which is well known for determining
he long-term outcome of STEMI patients (31).
onclusions
nline PV loop assessment during primary PCI showed
hat coronary reperfusion caused an immediate improve-
ent in diastolic function by increasing LV compliance and
n systolic function by increasing apical contractility in
TEMI patients.
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